We examined the hypothesis that climate-driven evolution of plant traits will influence associated soil microbiomes and ecosystem function across the landscape.
| INTRODUCTION
Understanding how climate change may drive evolution in plant traits that lead to shifts in community structure and ecosystem function remains a frontier in modern ecology and will become increasingly important as global environments continue to warm Gilman, Urban, Tewksbury, Gilchrist, & Holt, 2010; Lavergne, Mouquet, Thuiller, & Ronce, 2010; Woolbright, Whitham, Gehring, Allan, & Bailey, 2014) . The lack of long-term, well-replicated data at spatial scales relevant to projected climate change scenarios make it difficult to produce comprehensive studies and predictions about inherently linked ecological and evolutionary responses across multiple levels of organization (i.e., from genes to ecosystems). However, existing plant populations that are the result of past climate-driven range shifts can be useful for understanding the consequences of climate change events because they persist in suitable extant habitat patches that are potentially near the edge of their climate threshold.
As a result, they are often locally adapted to the environmental conditions in which they persist because of natural selection, genetic drift, and minimal gene flow among populations (reviewed in Rehm, Olivas, Stroud, & Feeley, 2015; Woolbright et al., 2014) . Maladaptation can occur due to continual gene flow from more central populations or
Allee effects if population size reaches a critical minimum threshold (Angert & Schemske 2007; Kirkpatrick & Barton, 1997; Sexton, McIntyre, Angert, & Rice, 2009) . However, there is ample evidence documenting ecological and evolutionary changes in natural systems responding to modern climate change scenarios (Lustenhouwer, Wilschut, Williams, Putten, & Levine, 2017; Parmesan, 2006; Walther, 2010) . Thus, investigating patterns of intraspecific genetic variation across populations could prove important for predicting adaptive responses to future changes in climate. Plant phenological traits show strong genetic differentiation along natural climatic gradients associated with latitudinal and elevational clines (Kooyers, Greenlee, Coloicchio, Oh, & Blackman, 2015; Peterson, Doak, & Morris, 2017; Rohde et al., 2011; Wadgymar, Daws, & Anderson, 2017) , often resulting in locally adapted ecotypes (Aitken, Yeaman, Holliday, Wang, & CurtisMcLane, 2008 and references therein). However, abiotic and biotic soil characteristics are gaining appreciation as ecologically important factors in predicting variation in a variety of phenology traits. For example, differences in soil fertilization treatments, soil chemistry, and soil microbial communities have been directly linked to changes in phenological trait variation (Arend, Gessler, & Schaub, 2016; Sigurdsson, 2001; Wagner et al., 2014) . Further, spring emergence of foliar tissue (i.e., bud break phenology) initiates the growing season and represents a significant driver of ecosystem productivity, soil resource acquisition, and carbon dynamics (Nord & Lynch, 2009; Polgar & Primack, 2011; Richardson et al., 2009 Richardson et al., , 2010 . Together, the individuals, populations, and communities that persist along environmental gradients, above-and belowground, are central to understanding how climate drives evolution of functional plant traits, affects species interactions, and may have ecosystem-level consequences (Hampe & Jump, 2011; Kawecki, 2008; Woolbright et al., 2014) .
The effects of intraspecific variation on ecological processes have been detected across scales and diverse taxonomic groups (Des Roches et al., 2017) . Genetic variation in plants traits can have direct consequences for associated community structure and ecosystem functions (reviewed in Hughes, Inouye, Johnson, Underwood, & Vellend, 2008; Schweitzer, Madritch, Felker-Quinn, & Bailey, 2012; Van Nuland et al., 2016; Whitham et al., 2006) . Landscape-level plant genetic variation has been linked with above-and belowground invertebrate community composition (Andrew & Hughes, 2007; Fitzpatrick, Mikhailitchenko, Anstett, & Johnson, 2017; Pratt, Datu, Tran, Sheng, & Mooney, 2016) , as well as soil nutrient availability (Fischer, Hart, Schweitzer, Selmants, & Whitham, 2010; Schweitzer et al., 2011) . Further exploring natural variation in plant-soil-microbe linkages at landscape scales is fundamental to understanding how climate warming may drive the evolution of plant traits that subsequently alter soil communities and microbially mediated ecosystem processes (van der Putten, Bradford, Brinkman, Voorde, & Veen, 2016; Wardle et al., 2004) .
Soil gradients of chemical, physical, or biological properties, play a key role in determining plant fitness, growth, and adaptation (Brady, Kruckeberg, & Bradshaw, 2005) , variation in plant traits related to resource allocation (Treseder & Vitousek, 2001) , as well as plant community structure and geographic distribution (Kardol, Bezemer, & van der Putten, 2006; Kardol, Cornips, Kempen, Tanja BakxSchotman, & Putten, 2007; Reinhart & Callaway, 2006) . For example, soil characteristics along substrate age and fertility gradients created by Hawaiian lava flows have been shown to reduce plant growth and alter community composition as fertility increases and declines as soils age (Crews et al., 1995; Vitousek, 2004) . Plants also exert local influence on their soils by conditioning distinct physical, chemical, and biotic environments in response to functional plant traits (Laland, Odling-Smee, & Feldman, 1999) . For example, a series of recent studies showed that soil communities drove plant adaptations in novel environments (Lau & Lennon, 2012) , and the evolutionary changes in plants subsequently altered soil community composition (terHorst, Lennon, & Lau, 2014) .
Further, plant genotypic variation can affect variation in belowground ecosystem processes across large spatial scales (Fischer et al., 2010; Madritch et al., 2014; Van Nuland, Bailey, & Schweitzer, 2017) , adding to a small body of important work demonstrating plant-soil linkages at the landscape level.
To understand how climate gradients influence the evolution of functional plant traits and alter ecosystem function, we used both field observations and a common garden composed of 583 replicated genotypes from 17 rivers systems across~80% of the distribution of a dominant riparian forest tree, Populus angustifolia. We collected plants for a common garden and measured site soil characteristics beneath trees and in adjacent unconditioned interspaces for all 17 observed field populations (Figure 1 ). These 17 tree populations span 10.4°C, which is more than double the 4°C predicted global temperature shift in the next century (IPCC, 2013; Seager et al., 2007) . Populus angustifolia has been steadily expanding northward since the last glacial maximum leaving the southern populations isolated as climate relicts (Evans et al., 2015) , making them good analogs and natural laboratories for examining the potential impacts of future climatic conditions (Woolbright et al., 2014) . Further, within Populus, population-level approaches show evidence that tree genotypes condition and host distinct soil microbial communities and differentially influence soil nutrient dynamics (Schweitzer et al., 2008; Schweitzer et al., 2004) , which can feed back to influence plant productivity and performance. For example, Pregitzer, Bailey, Hart, and Schweitzer (2010) found that when seedlings from randomly collected P. angustifolia genetic families were planted into soils that were conditioned by various Populus species, P. angustifolia seedlings grown in their own soils were twice as likely to survive and had the highest genetic variation in performance traits, even though P. angustifolia soils were less fertile overall. Together, the use of prior knowledge in the Populus system, landscape-level field surveys, an experimental common garden, and structural equation modeling (SEM) provide a comprehensive means of addressing the ecological and evolutionary relationships among temperature, population-level genetic variation in foliar phenology and the control trees exert on their associated soil microbial communities and nutrient pools.
Specifically, we hypothesized that as temperatures increase, there is phenotypic differentiation and reductions in population-level genetic variation in foliar phenology which results in a change in the control trees exert on their associated soils. We addressed this overarching hypothesis with three hypotheses: (a) Genetically based plant traits vary along climatic gradients; (b) Population-level soil-conditioning effects of P. angustifolia are related to climate; and (c) Soil conditioning is, in part, driven by climate and reductions in genetic variation of foliar phenology. Here, we show how ecosystems can experience altered function along a landscape-level temperature gradient because of evolutionary divergence in plant traits.
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| MATERIALS AND METHODS

| Study species and site selection
Populus angustifolia James is a dominant tree species distributed throughout high elevation riparian zones (900-2,500 m) along the Rocky Mountains from southern Alberta, through the intermountain United States, and into northern Mexico (Cooke & Rood, 2007) .
Contemporary migration and population expansion are believed to be present in northern and central P. angustifolia populations, leading to increasing geographic isolation, increasing population age, and a reduction in population size in southern populations (Evans et al., 2015) . Further, individual populations (i.e., rivers) function as distinct genetic populations since gene flow among geographically separate forest stands is greatly reduced by geographic barriers, climatic factors, and the obligate riparian nature of P. angustifolia (Evans et al., 2015) . During May and June 2012, 17 distinct P. angustifolia popula- 
| Experimental greenhouse common garden
To understand how climatic gradients might influence the evolution of plant phenotypes (Hypothesis 1), 20 cm stem cuttings were grown in a common greenhouse environment to minimize environmental effects and examine the genetic basis of functional plant phenotypes (Kreyling et al., 2014; Vitasse, Delzon, Bresson, Michalet, & Kremer, 2009) (Richardson et al., 2009 (Richardson et al., , 2010 Stepwise model selection was conducted using the MASS R package. Once the most parsimonious subset was determined, we included those abiotic predictor variables in a linear mixed effects model. For this model, collection site was used as a random effect to control for unmeasured environmental variation, and relatedness of subpopulations within each population. To determine any trait correlation between phenology and biomass in the greenhouse common garden, a linear mixed effects model was constructed with plant traits as fixed effects and site included as a random effect.
| Soil collection
Linear mixed effects model was conducted using the lme4 package in R. Distance-based Redundancy Analysis (dbRDA, vegan R package) was used to account for geographic distance, as well as confirm and reinforce our multiple regression approach. Moran's I was used to test for spatial autocorrelation between the continuous environmental variables (ape R package, method further described in SI). This statistical approach provides a conservative depiction of landscape-level relationships between plant traits and abiotic gradients.
In order to test whether genetic clines in bud break phenology and biomass are due to underlying population structure, we included WARE ET AL.
| 1517 neutral genetic variance as a fixed effect in the multiple regression framework described above (see Kooyers et al., 2015 DNA extraction and genotyping are described in detail in Supporting
Information.
To estimate quantitative genetic variation within observed populations and estimate the possibility for selection, broad-sense heritability (H 2 B ) using plant clonal replicates was determined for plant traits in the common garden using the following equations: (Conner & Hartl, 2004) . Broad-sense heritability estimates are defined as the proportion of phenotypic variance (V P ) attributable to all genetic variance (V G ) components. Broad-sense heritability can range between zero and one, estimates near or equal to zero mean there is little or no genetic variation in the trait, where estimates closer to or equal to one mean all variation in the phenotype is related to genotype. As a caveat, estimates of broad-sense heritability are relative to the focal populations in the particular environmental context at which the estimates are observed, and greenhouse-measured estimates could overestimate heritability compared to field-measured estimates. Similarly, broad-sense heritability may overestimate heritability in outcrossing species. However, these estimates of withinpopulation genetic variation of phenotypes are a conservative estimate to further explore genetic clines in plant traits along landscapelevel environmental gradients and are known to be good estimates of adaptive potential (Reed & Frankham, 2007) . Additionally, we calculated the genetic coefficient of variation, (CV G ) to estimate evolvability using the methods in Houle (1992) 
x is the population mean trait value. CV G estimates were determined to further describe patterns of genetic variation among populations and support heritability estimates. To determine whether estimates of broad-sense heritability and evolvability vary geographically, fieldmeasured environmental parameters were used to predict differences in genetic variation estimates among tree populations. Determining environmental drivers of within-population genetic variation will add further evidence to the selective agents driving evolution in plant traits.
| Population-level soil-conditioning effects of P. angustifolia are related to climate (Hypothesis 2)
To address this hypothesis, we tested whether soil environments and soil-conditioning effects vary by population and explored potential environmental drivers of soil-conditioning variation. Our paired soil collections allow for pairwise comparisons to separate the conditioning effects of P. angustifolia from the baseline, ambient, environment (i.e., outside the direct influence of P. angustifolia trees).
Individual estimates of the relative abundances of soil fungi, soil bacteria, and the ratio of fungi to bacteria were standardized per unit soil carbon (henceforth soil F:B/C) to remove variation attributed to landscape-level variation in soil carbon (Powers, 1990; Schweitzer et al., 2004) . A linear mixed effects model was used to determine landscape-level differences in abiotic and biotic characteristics between tree-conditioned and interspace soil samples across observed tree populations, with collection site included as a random effect, and tree/interspace as a fixed effect. Including collection site as a random effect in the model above accounts for site-level variation in parent material, topography, and substrate geology. Percent change between paired tree and interspace soil samples were determined to provide an estimate of the conditioning each tree and tree population exerted on its associated soil environment. Percent change estimates were standardized by field-measured tree diameter at breast height (DBH) to account for variation in tree size within each population. Genetically based variation in tree DBH is related to plant-soil interactions and reinforces soil nutrient feedback in P. angustifolia (Van Nuland, Ware, Bailey, & Schweitzer, 2019) . A linear mixed effects model was used to determine population-level differences between the percent change of soil conditioning for nitrogen and carbon pools. Collection site was included in the model as a random effect, and population as a fixed effect. Tree-driven percent change in soil nutrients was averaged to determine the mean population-level differences in soil conditioning. The values were averaged within a population to allow for direct comparisons with the available WorldClim climate data, which are at larger scales than individual, paired tree-interspace comparisons.
Using ANCOVA, we examined the relationship between tree soil characteristics and interspace soil characteristics by population.
Detection of a significant interspace soil characteristic by population effect would suggest that the drivers of soil conditioning vary by population. If the full model yields a significant interaction effect, individual models were used to determine beta coefficients for each population to further explore tree-interspace soil relationships. Site was included as a random effect to account for microsite variation and site-level heterogeneity in soil nutrients. Mixed effects ANCOVA was conducted using the lme4 R package. Individual linear models were used to examine the direct relationship between tree-conditioned and interspace abiotic and biotic soil environments for each tree population (e.g., tree-conditioned soil C~interspace soil C + Error). Interspace soil traits, representing baseline local soil conditions, were used as independent variables predicting tree-condi- 
| Soil conditioning is, in part, driven by climate-driven reductions in genetic variation of bud break phenology (Hypothesis 3)
To investigate the plant-soil network linking tree quantitative genetics, environmental gradients, and soil conditioning, we used a regression framework to identify potential correlations between estimates of plant genetic variation and tree-driven soil conditioning. Individual relationships between plant genetic variation and patterns in soil conditioning were examined to address if reductions in intraspecific genetic variation may contribute to changes in tree conditioning and ecosystem function at landscape scales. Specifically, within-population genetic variation was used to predict variation in both the relationship (i.e., unrelated [low] to correlated [high] β coefficient estimates) and percent change (i.e., population-level mean differences in tree vs. interspace soils) of soil nutrient conditioning. Once we established plant-soil linkages with our individual regression framework, we tested the nature of the entire plant-soil system using the lavaan package in R for developing structural equation models (SEMs; Rosseel, 2012) . Relationships between microbial conditioning and soil-conditioning parameters were also assessed to provide further insight into the hypothetical plant-soil linkages and any potential feedbacks.
To directly test the structure of variance within the plant-soil system in a single hypothetical framework, a full SEM model (i.e., with all hypothetical connections) and each subsequent reduced model were developed to investigate potential strength and significance of the relationships within the plant-soil network. Model selection based on minimum AIC scores was used to identify the most parsimonious network. SEMs, such as the one described below, provide a very general and convenient framework for regression analysis and allow for simple conceptualizations to understand direct and indirect relationships between multiple variables in a network (Grace, 2006) . Individual relationships and the direction of relationships are based on the regression framework described above. All analyses were performed in R (R Core Team, 2016).
| RESULTS
| Genetically based plant traits vary along climatic gradients
We found significant genetically based, phenotypic differences among populations in mean foliar bud break phenology and aboveground biomass (environmental means in Table S1 , model results in Supporting Information Table S2 Table S9 ). To account for demography and population structure, dimensionality in microsatellite genetic data was reduced using PCA. Genetic PC1 (92% total variance explained) and PC2 (3.6% total variance explained) were included as fixed effects in our multiple regression approach. Including genetic PC effects in our multiple regression framework did not alter the significant correlations between MAT and Latitude on bud break phenology and aboveground biomass. Importantly, neither genetic PC effect was found to be significant in explaining any trait variation. Together, these results support the hypothesis that bud break phenology is evolving along temperature and latitude (a photoperiod proxy) gradients.
| Population-level soil-conditioning effects are related to climate
Across all populations in interspace soils, there was 140% difference in total soil carbon (Supporting Information Figure S1a ) and 125% difference in total soil N (Supporting Information Figure S1b ; Table S2 ). There was also significant variation in the soil microbial Table 2 , Supporting Information Table S8 ). Similar to the relationship described above, MAT is negatively correlated with population-level estimates of genetic variation in bud break phenology, explaining 45% of the variation in estimates of genetic variation. We also found that population-level estimates of genetic variation in bud break phenology are positively correlated with soil N beta coefficients (R 2 = 28%). Soil N beta coefficients are positively correlated with soil C beta coefficients and predicted 48% of the variation in soil C beta coefficients. The SEM also shows a positive relationship between soil C beta coefficients and soil microbial beta coefficients, with soil C beta coefficients explaining 45% of the variation in soil microbial beta coefficients. Lastly, the SEM yielded no significant relationship between estimate of genetic variation in bud bread phenology and soil microbial beta coefficients. Standardized effects reported in Table 2 
| DISCUSSION
Across the western US, our results suggest that climate-driven evolutionary change can have consequences for patterns of tree-driven conditioning of soil microbiomes and overall ecosystem function.
Our landscape-level study of P. angustifolia, coupled with mechanistic experiments and an SEM model show that the relationship between plants and soil N and C vary with increasing temperature along a large latitudinal gradient. First, at the landscape scale, we found that within-population variation in foliar bud break phenology declines in warmer environments. Second, our results indicate that as temperatures increase, the correlation between tree-conditioned soils and interspace soils disappears; as MAT increases, trees become more T A B L E 1 Results from multiple regression and stepwise model selection of site abiotic factors predicting variation in average bud break time (i.e., foliar phenology) and average aboveground biomass when grown in a common greenhouse environment. Site is treated as a random effect Residuals 59
important to soil nutrient pools (i.e., trees are conditioning soils independent of the local soil conditions; Figures 3a and 4d) . Lastly, we show that as population-level mean aboveground biomass increases, so does the magnitude of tree-driven soil conditioning (Figure 4,f,g ).
Together, these results suggest that climate-driven evolutionary change can have consequences for patterns of tree-driven soil conditioning and overall ecosystem function.
| Genetically based plant traits vary along climatic gradients
Natural plant populations evolve in complex environments shaped by both abiotic and biotic factors. Plant adaptation to stressful abiotic conditions is one of the primary mechanisms of persistence on the landscape (Davis, Shaw, & Etterson, 2005; Gitlin et al., 2006; Ikeda et al., 2014) . Modern plant distributions inherently include genetic differentiation in plant functional traits shaped by geographic structure, gene flow, demographic processes, and ecological interactions through time. Using geographic distributions of contemporary tree populations is a powerful approach to explore both the abiotic and biotic interactions that influence plant adaptation. We describe populations of a northward expanding tree species across its distribution to examine changes in quantitative trait variation along environmental gradients and show that adaptation along climatic environments is occurring for P. angustifolia (Capon et al., 2013; Fischer et al., 2014) . We found that genetic clines in bud break phenology and aboveground biomass, measured in a greenhouse common garden, are correlated with landscape-level temperature gradients (Figure 2a,   d ). Similarly, we also show within-population genetic variation for bud break phenology declines along the same landscape-level temperature gradient, which suggests populations in warmer environments have reduced adaptive potential and evolvability (Figure 2b ,c). 
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Together, these results highlight strong climate-driven patterns of phenotypic variation in wild populations of P. angustifolia across this species distribution, extending previous studies on the relationship between climate and phenology (Lustenhouwer et al., 2017) .
Temperature and photoperiod are considered the main drivers of foliar bud break phenology, with water availability important in warmer, xeric systems (Badeck et al., 2004; Korner & Basler, 2010; Parmesan, 2006) . Our data show similar responses, as MAT and latitude (a photoperiod proxy) are correlated with genetic clines in bud break phenology and aboveground biomass. Recent studies show that variation in soil microbial communities may also influence plant phenology (sensu Friesen et al., 2011; Kannenberg & Phillips, 2017; PankeBuisse, Poole, Goodrich, Ley, & Kao-Kniffin, 2015; Wagner et al., 2014) , suggesting that the ultimate mechanism for the patterns we show here is yet to be unraveled. For example, Wagner et al. (2014) show Boechera stricta flowering time is sensitive to soil microbes and soil abiotic characteristics, and variation in the soil microbial community influenced selection on flowering time. Environmental and ecological context influences how the evolution of phenology may alter species interactions, or the ecosystem processes they support. Future work providing such context will have broad implications for our understanding of the consequences of climate change.
| Population-level soil-conditioning effects are related to climate
Predicting ecosystem-level responses to changing climates remains a challenging frontier and goal (Pecl et al., 2017; Walther, 2010) .
Understanding how the magnitude and linkage of plants on soil nutrient dynamics may vary within and among populations on the landscape is largely unexplored. On average across the landscape, there is a 23% and 20% difference in soil N and C, respectively, between tree-conditioned and interspace soils, and this result is comparable to what has been found when comparing the effects of elevated CO 2 to ambient conditions on labile soil C (~14%; Dijkstra, Hobbie, & Reich, 2006) and between grasslands and forests in the top 20 cm of soil (~16%; Jobbágy & Jackson, 2000) . We find evidence of variation in the strength of tree-conditioning effects as population-level estimates of total soil N and C conditioning vary from 109%-188%, respectively, and large differences among populations in soil microbial communities, at least in the fungal to bacterial ratios. These results indicate that tree-driven differences in soil microbial communities may lead to differences in their functional effects on soil nutrient pools (Allison & Martiny, 2008; Bardgett & van der Putten, 2014 ).
For example, recent studies show that climate change can directly and indirectly alter relative abundances, composition, and function of soil communities, because microbial community members possess phylogenetic differences in metabolic activity, physiology, and environmental tolerance (Amend et al., 2016; Castro et al., 2010; Whitaker et al., 2014) . Microbial communities contribute strongly to the regulation of C and N dynamics and shifts in microbial abundance and composition will likely influence soil nutrient availability, net primary productivity, and soil C storage (van der Heijden, Bardgett, & van Straalen, 2008; Wardle et al., 2004 ). Further, population-level variation in the relationship between tree-conditioned and interspace soils (i.e., beta coefficient estimates) and the strength of tree conditioning (i.e., percent change estimates) are related to landscape-level variation in MAT (Figure 3) . Specifically, we see the relationship between tree-conditioned and interspace soils decline, and the strength of conditioning increase as MAT increases. Together, these results suggest exploring the drivers of range-wide genetic and phenotypic variation in tree populations is important to our T A B L E 2 Climate-driven effects on plant-soil linkages generated from final structural equation model (SEM; library[lavaan]). Standardized effects are reflected in the arrow widths in Figure 4d Regressions Estimate SE
Std. effect
Bud break H ) for each associated component of the SEM. Gray, dotted lines represent insignificant correlations from more complex SEMs that were removed after model selection approach. *p < 0.05, **p < 0.01, ***p < 0.001. Panel (e) shows the relationship between population-level genetic variation in bud break and soil microbial conditioning (n = 17). High beta coefficient estimates (β closer to +1) represent a relationship whereby soils beneath trees are correlated to baseline conditions in those populations. In contrast, lower beta coefficient estimates (β closer to 0) show population-level conditioning effects are unrelated to interspace soils. Panels (f) and (g) show the relationships between aboveground biomass (g) and the percent change in soil N and soil C due to tree-driven soil conditioning (i.e., tree % -interspace %)/interspace %); n = 17). Error bars in each figure represent ±1 standard error around beta coefficient estimates understanding of how biotic and abiotic environments interact to influence the degree of plant-soil conditioning and impact on ecosystem function. Strong climate-driven differences in genetically based plant phenotypes, soil microbial communities, and soil nutrients, as shown in this study, highlight how individual components of plantsoil-microbe linkages may change in warming ecosystems.
| Climate-driven reductions in intraspecific genetic variation alter the linkage between plant phenotypes and ecosystems
It is important to understand the role of biotic interactions in the expression of adaptive phenotypes, the ecosystem processes they support, and their feedbacks to future generations if we are to understand and accurately predict the consequences of climate change (Afkami, McIntyre, & Strauss, 2014; Johnson, Wilson, Bowker, Wilson, & Miller, 2010; Van Nuland et al., 2017; van der Putten et al., 2016; Schweitzer et al., 2004) . Rapidly changing climates will impact the distribution of plant phenotypes as well as the soil microbiome to influence plant-soil-microbe interactions, create geographic differences in community structure and ecosystem function, and potentially lead to ecosystem change by altering biodiversity and nutrient cycling (van der Putten, 2012; Whitham et al., 2006; Woolbright et al., 2014) . Our results indicate that genetic by environment interactions are important for understanding the ecosystem consequences of climate change. Consistent with the hypothesis that intraspecific genetic variation in plant phenotypes related to soil conditioning may vary in response to temperature, we show that as genetic variation for bud break phenology declines: (a) tree-conditioned and interspace soil N becomes increasingly unrelated, driving reductions in soil C (Figure 4a ,b,d); and (b) soil microbial communities in tree-conditioned soils are less related to soil microbial communities in interspace soils (Figure 4e ). The correlations between genetic variation and soil beta coefficients suggest that reduction in population-level genetic variation alters the mechanism by which trees condition soils. Genetic clines in bud break phenology and aboveground biomass are correlated (Figure 2e ), indicating that genetically based differences in productivity are, in part, a consequence of a longer growing season due to earlier phenology. Therefore, the correlations between percent change in soil N and soil C and aboveground biomass provide a mechanism for how tree-driven soil conditioning is related to changes in genetic variation in phenology and productivity on the landscape. Together, these results suggest geographic variation in plant-microbe linkages may interact to influence the magnitude of tree effects on soil nutrient pools (Figure 4d ,e).
As described above, we show that the interaction of genetic, biotic, and abiotic factors is important for understanding the consequences of climate change at the landscape scale. Consistent with this conclusion, results from our structural equation model further support the hypothesis that climate-driven reduction of genetic variation in phenology alters the linkage between plants and soils. This is an important result as it builds upon the regression approach described above to account for the covariance among variables in the model and provides a genetically based network to begin teasing apart intertwined C and N dynamics above-and belowground. Cumulatively, our findings provide evidence that understanding the natural variation in genetic components of both above-and belowground portions of the plant-soil linkage is important for predicting patterns of divergence in ecosystem function in a warmer world (Johnson et al., 2010; Kannenberg & Phillips, 2017; Van Nuland et al., 2017) .
In conclusion, we show how climate-driven reduction of genetic variation in plant traits decouples above-and belowground linkages.
These results show that climate can drive the evolution of a foundation tree species to influence ecosystem function, represented here by the landscape-level variation in plant-soil linkages altering soil nutrient pools. These results strongly suggest a call for research on range shift dynamics that move beyond population-level approaches to understand how genetically based species interactions vary along abiotic gradients of global change to affect ecosystem function.
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